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A STUDY OF AN INTEGRATED SAFETY SYSTEM FOR THE PROTECTION OF ADULT 
PEDESTRIANS FROM CAR COLLISIONS 
SUNAN HUANG 
VEHICLE SAFETY DIVISION, DEPARTMENT OF APPLIED MECHANICS 
CHALMERS UNIVERSITY OF TECHNOLOGY 
ABSTRACT 
This study aimed to evaluate and improve the performance of a newly developed safety system intended to 
protect pedestrians during frontal car collisions. This system includes a remote sensor system, a contact 
sensor, a reversible bumper system (RBS), and a reversible hood (RH). 
The remote sensor system was evaluated for its ability to detect pedestrians at risk in a vehicular traffic 
environment. In this assessment, car-pedestrian accident scenarios were analyzed based on the cases 
selected from the Swedish TRaffic Accident Data Acquisition (STRADA) database. The two most 
common scenarios were identified as cars entering and leaving intersections, and colliding with 
pedestrians crossing the road. The accident data for these two scenarios were then investigated in terms of 
specific factors, such as the trajectory and velocity of the pedestrians and cars involved. Based on the 
accident data, a mathematical model was presented, and the remote pedestrian sensor system was 
evaluated using this model. 
The contact sensor was analyzed for the temperature-independent measurement of pedestrian impacts. A 
baseline bumper finite element (FE) model was initially developed and validated using the European New 
Car Assessment Program (EuroNCAP) lower legform impact tests performed on the production bumper. 
Based on the baseline bumper model, an improved bumper model was subsequently developed to meet the 
acceptance requirements of the European Enhanced Vehicle–safety Committee Working Group 17 (EEVC 
WG17) lower legform impact tests. A lower limb FE model was then developed and used to evaluate 
further the protective performance of the baseline and improved bumper models. Finally, the contact 
sensor was incorporated into the improved bumper model, and a performance study was conducted to 
evaluate its performance in terms of temperature stability and mass sensitivity of the sensor output. 
The performance of the RBS was investigated for the protection of pedestrians’ lower limbs during 
bumper collisions. The detailed FE model of a production car front was developed and validated based on 
the EuroNCAP lower legform impact tests performed on the production car front. Next, a model RBS was 
developed to replace the original bumper in the car front model. In order to investigate the performance of 
the RBS, the lower limb model and the EEVC WG17 lower legform model were used to collide with the 
RBS model of different design configurations under various impact conditions. Finally, the effects of the 
design parameters on the protective performance of the RBS were calculated using the statistical method 
for factorial experiment design. 
The RH was evaluated and optimized for the prevention of head injuries among adult pedestrians from 
hood collisions. The car front FE model was validated based on the EuroNCAP adult headform impact 
tests conducted on the car hood. The baseline RH was subsequently developed from the original hood of 
the validated car front model. The FE models of a 50th percentile human head and the EEVC WG17 adult 
headform were used in parallel to evaluate the protective performance of the baseline RH. In order to 
minimize the Head Injury Criterion (HIC) values of the headform model, the response surface method was 
applied to optimize the RH in terms of material stiffness, lifting speed and lifted height. Finally, the 
headform and human head models were once again used to evaluate the protective performance of the 
optimized RH. 
The results of this study indicated that the remote sensor system can detect almost all visible pedestrians in 
the two most common scenarios in a timely manner when the detection angle is greater than 60 degrees. 
The contact sensor can also identify pedestrian impacts with the car bumper. Moreover, enhanced sensor 
output stability and mass sensitivity can be achieved by using a 25 mm rather than 50 mm sensor tube. 
The RBS performance can be improved by reducing bumper stiffness; however, such performance is 
impaired in the bumper-deploying process at speeds of 2.5 m/s or greater. Less than 150 mm, the 
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deployment distance of the RBS has no influence on the bumper protective performance. Compared with 
the retracted and lifting baseline RH, the lifted baseline RH can definitely minimize the injury parameters 
of the headform and human head models. When the optimized RH is lifted, the Head Injury Criterion 
(HIC) values of the headform and human head models are reduced to much lower than 1,000. Thus, the 
risk of pedestrian head injuries can be prevented as required by EEVC WG17. 
Keywords: Traffic Accidents, Pedestrian Protection, Remote Sensor System, Contact Sensor, Reversible 
Bumper, Reversible Hood  
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1. INTRODUCTION 
1.1 Background 
Although pedestrian safety has improved in highly motorized countries (ERSO, 2008; NHTSA, 2008a), 
pedestrian casualties remain prominent in traffic accidents. In 2007, 70,000 pedestrians were injured and 
4,645 were killed in traffic accidents in the United States, which accounted for 3% of the total traffic 
injuries and 11% of all traffic fatalities (NHTSA, 2008b). In 2004, 1,582 pedestrians were injured and 67 
killed in road traffic accidents in Sweden, which represented 6% of the total traffic injuries and 14% of all 
traffic fatalities (UNECE, 2007). In 2003, 85,592 pedestrians were injured and 2,332 were killed in traffic 
accidents in Japan, which accounted for 7% of the total traffic injuries and 30% of all traffic fatalities 
(ITARDA, 2004). In 2006, 82,391 pedestrians were injured and 23,285 killed in traffic accidents in China, 
which represented 19% of the total traffic injuries and 26% of all traffic fatalities (TABC, 2007). 
Passenger cars are overrepresented in pedestrian traffic accidents. Yang et al. (2005) investigated the types 
of vehicles involved in pedestrian accidents based on data from the Swedish TRaffic Accident Data 
Acquisition (STRADA) database. These researchers found that 79.2% of the vehicles involved in 
accidents were passenger cars. Guo et al. (2006) analyzed the vehicle types in 158 fatal/serious vehicle-
pedestrian crashes in Beijing, China, and determined that 51.3% of the vehicles were passenger cars. In 
2007, passenger cars accounted for 64% of the vehicles involved in single vehicle-pedestrian crashes in 
the United States. Furthermore, the car front is the major contact source in pedestrian crashes. In 2007, the 
initial point of impact in 71% of the passenger car-pedestrian crashes in the United States occurred at the 
car front (NHTSA, 2008c). 
Previous studies have presented several systems intended to protect pedestrians during collisions with the 
car front. In order to minimize the pedestrians’ injuries caused by collisions with the car bumper, a new 
bumper system was presented that absorbs the impact energy more efficiently (Shuler and Staines, 1998; 
Kalliske and Friesen, 2001; Chon et al., 2007; Doerr et al., 2007; Jaarda and Nagwanshi, 2007; Pinecki 
and Zeitouni, 2007; Glance and Tokarz, 2008; Davies et al., 2009). In order to protect pedestrians’ heads 
during impacts with the car hood, the active hood system was implemented to soften such collisions 
(Fredriksson et al., 2001; Kalliske and Friesen, 2001; Krenn et al., 2003; Lee et al., 2007; Pinecki and 
Zeitouni, 2007; Oh et al., 2008; Shin et al., 2008; Inomata et al., 2009). In addition to the bumper and 
hood systems, external airbags were also presented to protect pedestrians from car collisions. Maki and 
Asai (2002) presented an A-pillar airbag designed to cushion the impact between the pedestrian’s head 
and the A-pillar. Holding et al. (2001) and Moxey et al. (2006) presented a concept which combined the 
bumper and scuttle airbags to cushion car-pedestrian impacts. Bovenkerk et al. (2009) presented a U-
shaped scuttle airbag combined with a pop-up hood intended to protect the pedestrian’s head during 
collisions with the scuttle area, and the lower parts of the windscreen and A-pillar. 
Various sensor systems have been presented that serve to detect pedestrian impacts and to trigger 
pedestrian protective systems. These sensor systems can be divided into two major groups: remote sensor 
systems and contact sensor systems. Remote sensor systems can detect imminent pedestrian impacts. 
Typical remote sensor systems include the radar sensor, laser scanner, infrared camera, stereo vision 
camera and combinations of these devices (Gavrila et al., 2001; Holding et al., 2001; Labayrade et al., 
2005; Linzmeier et al., 2005; McCarthy and Simmons, 2005; Moxey et al., 2006; Krotosky and Trivedi, 
2007; Chen and Han, 2008; Natroshvili et al., 2008; Gidel et al., 2009). Meanwhile, contact sensor 
systems can detect and identify pedestrian impacts. Typical contact sensor systems include the 
accelerometer, piezoelectric sensor, fiber optical sensor and pressure sensor (Zanella et al., 2002; 
Mlekusch et al., 2004; Kim and Chang, 2005; Scherf, 2005; Lee et al., 2007). 
In order to protect pedestrians from collisions with the car front, an integrated safety system was 
developed as the combination of a reversible bumper system (RBS), a reversible hood (RH), a remote 
sensor system, and a contact sensor. The RBS is designed as a movable bumper. When the risk of a 
pedestrian collision is detected, the RBS can be deployed prior to the crash in order to absorb impact 
energy more efficiently and better protect the pedestrian’s lower limbs. If the crash is avoided, the RBS 
can move back into place to protect against future accidents. The RH functions in a way similar to the 
RBS. When the risk of a pedestrian collision is detected, the rear end of the RH can be lifted to protect the 
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pedestrian’s head. If the collision is avoided, the lifted rear end can be retracted to protect against future 
accidents. In order to trigger the RBS and RH, a remote sensor system, which combines a stereo vision 
sensor and a radar sensor, is included in the integrated safety system to detect upcoming pedestrian 
impacts. In addition, a pedestrian contact sensor installed in the RBS can also be implemented to reduce 
instances of false RH deployment. The current study evaluated and improved the performance of the 
integrated safety system. 
1.2 Epidemiology of Pedestrian Accidents 
1.2.1 Pedestrian Casualties 
Figure 1-1 shows the number of pedestrian casualties, the ratio of pedestrian casualties to total traffic 
casualties, and the pedestrian mortality in the United States in 2007 (NHTSA, 2008b), specific European 
countries in 2004 (UNECE, 2007), Japan in 2003 (ITARDA, 2007), and China in 2006 (TABC, 2007). 
This figure demonstrates that pedestrian casualties account for a significant portion of total traffic 
casualties, especially in China, Greece, France, and the United Kingdom. The mortality of pedestrian 
casualties reaches a peak value of 22% in China, which is much higher than the 10% in Greece and the 6% 
in the United States. Except for France, the mortality of pedestrian casualties is higher than the average 
mortality of traffic victims, especially in the United States and Japan. 
 
Figure 1-1 Pedestrian casualties (ITARDA, 2004; TABC, 2007; UNECE, 2007; NHTSA, 2008b) 
1.2.2 Pedestrian Age and Gender 
Figure 1-2 indicates the number of U.S. pedestrians injured and killed in 2007 per 100,000 residents 
according to age and gender groups. Elderly pedestrians (65 and older) have the highest number of 
fatalities; however, among injured pedestrians, young people—especially those 10 to 24 years old—are 
clearly overrepresented. The large number of fatalities among elderly pedestrians can be explained by 
their reduced mobility, impaired perception to risk, and reduced injury tolerance (Holubowycz, 1995; 
Oxley, 1997; Harruff et al., 1998; Gorrie et al., 2008; Lobjois and Cavallo, 2009; Holland and Hill, 2010). 
In comparison, the overrepresentation of injured young pedestrians can result from their insufficient 
cognition of the traffic environment (Assailly, 1997; Barton and Schwebel, 2007; Zhou and Horrey, 2010) 
or their greater exposure to traffic (Holland and Hill, 2010). Figure 1-2 also illustrates that fatalities among 
male pedestrians are much higher than among females. In particular, among pedestrians aged 16 years and 
older, the number of male pedestrians killed is more than twice that of females. Among injured pedestrians, 
the disparity caused by gender is not tremendous; however, males are clearly more likely to be injured in 
traffic accidents, except in a few age groups. 
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Figure 1-2 Age and gender distribution of pedestrian casualties (NHTSA, 2008c) 
1.2.3 Vehicle Involvement 
Figure 1-3 indicates the types of vehicles involved in pedestrian accidents. Al-Ghamdi (2002) investigated 
638 pedestrian-vehicle crashes in Riyadh, Saudi Arabia from 1997 to 1999, and determined that 66.9% of 
the vehicles involved in the cases were passenger cars. Trucks represented the second largest portion at 
23.8%. Yang et al. (2005) investigated the types of vehicles involved in pedestrian accidents in Sweden 
from 1999 to 2004, and found that passenger cars accounted for 79.2% of the vehicles involved in the 
cases studied. The next most prominent vehicle type was bus, which represented 5.6% of the vehicles 
involved. Meanwhile, Yang and Otte (2007) analyzed the vehicle types involved in 3,603 pedestrian 
accidents in Changsha, China, from 2001 to 2005. In the Chinese cases, passenger cars accounted for 52% 
of the vehicles involved, followed by motorcycles at 22% representation. According to NHTSA (2008c) 
figures in 2007, passenger cars accounted for 64% of the vehicles involved in single vehicle-pedestrian 
crashes in the United States. The car front was found to be the major contact source in those crashes. In 
71% of the passenger car-pedestrian crashes, the initial impact point was on the car front. 
 
Figure 1-3 Vehicle types in pedestrian accidents (Al-Ghamdi, 2002; Yang et al., 2005; Yang and Otte, 2007) 
1.2.4 Pedestrian Injury and Causation 
As shown in Figure 1-4a, Mizuno (2005) summarized the actions of the working group of International 
Harmonized Research Activities (IHRA) relative to pedestrian safety issues by examining pedestrian 
injuries of Abbreviated Injury Scale (AIS) 2-6 according to body regions and car front contact sources. In 
addition, Chen et al. (2009) analyzed 200 pedestrian accidents in China in order to compare the results 
with the IHRA data, as shown in Figure 1-4b. As indicated in Figure 1-4, the head and lower limbs are the 
most frequently injured parts of the body. According to the IHRA data, 30% of all injuries occurred to the 
head and 35% to the lower limbs. Based on the data from China, 30% of the injuries occurred to the head 
and 27% to the lower limbs. Regarding head injuries, the leading contact source is the windscreen glass, 
which was responsible for 44% of all IHRA head injuries and 76% of the Chinese head injuries. The 
second source is the bonnet/wing top surface, which caused 29% of all IHRA head injuries and 14% of the 
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Chinese injuries. In regard to lower limb injuries, the front bumper is the major contact source, which 
caused 73% of the IHRA lower limb injuries and 75% of the Chinese injuries. 
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                                         (a) Mizuno, 2005                                                                (b) Chen et al., 2009 
Figure 1-4 Pedestrian injuries by body parts and car front contact sources 
When considering the severe and fatal injuries sustained by pedestrians in car collisions, the head is the 
most frequently injured body part. Kramlich et al. (2002) investigated the typical characteristics of 1,200 
car-pedestrian accidents recorded by the German Insurance Association–Institute of Vehicle Safety 
(GDV). Considering the pedestrians who were injured to AIS 4+ level, the largest portion (10.3%) of the 
688 pedestrians older than 10 years of age suffered AIS 4+ head injuries. This was almost twice the 
following percentage (5.2%) of the pedestrians injured AIS 4+ on the thorax. Of the 148 pedestrians up to 
10 years of age, 8.2% suffered AIS 4+ head injuries—more than four times the following percentage of 
the pedestrians injured AIS 4+ on the neck (2.0%). Maki et al. (2003) investigated the primary injures that 
caused fatalities among pedestrians age 13 or older in 4,416 car collisions, and found that 64% of the 
fatalities resulted from head injuries while 9% were from chest injuries. Yang and Otte (2007) compared 
passenger-vehicle traffic accidents and injuries among vulnerable road users in China and Germany from 
2000 to 2005. They identified that among the 11 Chinese pedestrians who received AIS 4+ injuries, the 
head was the only part of the body injured, with 9 receiving such AIS 4+ injuries. In the 24 German cases, 
the head and chest were overrepresented, with 40.5% and 35.1% of all 37 AIS 4+ injuries inflicted on 
these two body parts, respectively. The windscreen, A-pillar, and hood were identified as the major 
contact sources associated with severe and fatal head injuries (Foret-Bruno et al., 1998; Mizuno and 
Kajzer, 2000; Kramlich et al., 2002; Longhitano et al., 2005; Richards et al., 2009). 
1.2.5 Impact Speed 
The relationship between the risk of pedestrian fatality and the speed of the vehicle upon impact has long 
been investigated (Ashton, 1980; Anderson et al., 1997; Davis, 2001; Gårder, 2004; Cuerden et al., 2007; 
Rosen and Sander, 2009; Kong and Yang, 2010). Table 1-1 summarizes some of the statistics on 
pedestrian fatality risk versus vehicle impact speed. According to Ashton’s (1980) results, at speeds 
ranging from 30 km/h to 50 km/h, the risk of pedestrian fatality increases quickly; and when the vehicle 
impact speed is greater than 70 km/s, the impacted pedestrian has less chance of survival. Notably, the risk 
of pedestrian fatality observed by Davis (2001) and Rosen and Sander (2009) at the same vehicle impact 
speed is much lower than the result seen by Ashton (1980). It was suggested that high speed crashes 
should be considered in future pedestrian safety design (Rosen and Sander, 2009). Kong and Yang (2010) 
conducted a study based on real-world accident cases in China. According to their results, the risk of 
pedestrian fatality at speeds ranging from 30 km/h to 50 km/h is half the result seen by Ashton (1980); at 
70 km/h, however, their result is closer to Ashton’s (1980) finding. 
Table 1-1 Pedestrian fatality risk versus vehicle impact speed 
Source Years of Data 30 km/h 50 km/h 70 km/h 
Ashton, 1980 1965~1979 5.0% 45.0% 95.0% 
Anderson et al., 1997 1983~1999 8.0% 85.0% 100.0% 
Davis, 2001a 1965~1979 1.0% 7.0% 51.0% 
Rosen and Sander, 2009b 2003~2007 1.7% 8.1% 37.0% 
Kong and Yang, 2010 2003~2009 2.6% 26.0% 82.0% 
aThe fatality risk was estimated for the pedestrians aged from 15 to 59 years old. 
bThe impact vehicles were only passenger cars. 
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1.3 Biomechanics of Pedestrian Injuries 
According to the epidemiology study of pedestrian accidents, the head and lower limbs are the most 
frequently injured body parts (Mizuno, 2005; Chen et al., 2009). Therefore, this discussion focuses on the 
injuries that involve these body parts. 
1.3.1 Biomechanics of Head Injuries 
The windscreen, A-pillar, and hood have been identified as the major contact sources of severe and fatal 
head injuries (Foret-Bruno et al., 1998; Mizuno and Kajzer, 2000; Kramlich et al., 2002; Longhitano et al., 
2005; Richards et al., 2009). The substantial stiffness of vehicle parts, such as the hood rear and scuttle, 
the hood-fender edge, the windscreen frame, as well as the rigid accessories in the engine compartment, 
serves as the main reason for severe head injuries (Mizuno et al., 2001; Yang, 2003; Yang, 2005; Li and 
Yang, 2007). 
The most significant head injuries are skull damage and brain injuries (Wismans et al., 2000; Schmitt et al., 
2004; Yang, 2005). Table 1-2 summarizes these injuries and their mechanisms. Skull fractures are caused 
mainly by excessive local deformation resulting from contact force. Brain injuries are always induced by 
inertial loads: translational acceleration produces focal brain injuries whereas rotational acceleration 
causes diffuse brain injuries. When the pedestrian’s head is struck by a car front, these three injury 
mechanisms can occur. 
Table 1-2 Common head injuries and mechanisms (Yang, 2005) 
Head Injury Mechanism 
Skull Fracture Contact force 
Coup contusion Contact force 
Contre-coup contusion Pressure wave 
Epidural hematoma Contact force 
Focal 
Subdural hematoma Translational and rotational acceleration 
Concussion Translational and rotational acceleration 
Brain 
Diffuse 
Diffuse axonal injury Rotational motion 
Table 1-3 summarizes the results of several studies on the fracture thresholds of the skull to the contact 
force and the injury tolerances of the brain to the angular acceleration and velocity. 
Table 1-3 Skull and brain tolerances to impact loads 
Body Part Force 
(kN) 
Angular Acceleration 
(rad/s2) 
Angular Velocity 
(rad/s) 
Source 
Frontal 3.6-9.0 - - Hodgson and Thomas (1971) 
Zygoma 0.5-2.9 - - Nahum et al. (1968) 
Temporo-parietal 5.0-12.5 - - Allsop et al. (1991) 
Occipital 6.4 - - SAE (1980) 
Maxilla 2.0-4.2 - - Nyquist et al. (1986) 
Skull 
Mandible 0.8-3.4 - - Schneider and Nahum (1972) 
Cerebrum - 1800 (t<20 ms) 30 (t>20 ms) Ommaya et al. (1967) 
Bridging vein - 4500 70 Löwenhielm (1974) 
Brain 
Brain surface - 2000-3000 - Advani et al. (1982) 
The first extensive quantification of head tolerance to translational impact acceleration is evident in the 
Wayne State Tolerance Curve (WSTC) (see Figure 1-5). This curve was established based on a large 
number of cadaver tests that focused on head acceleration in order to indicate a relationship between the 
level of head front-end translational acceleration and the pulse duration for a special level of head injury 
severity (Gurdjian et al., 1953; Lissner et al., 1960; Gurdjian et al., 1966). A combination of magnitude 
and duration which lies above the curve is likely to cause AIS 3+ head injuries. 
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Figure 1-5 WSTC head injury tolerance curve 
Versace (1971) proposed a version of the Head Injury Criterion (HIC) as a measure of average 
acceleration correlated with the WSTC. Responding to the Versace’s (1971) study, the National Highway 
Traffic Safety Administration (NHTSA) defined HIC in 1972 and included it in Federal Motor Vehicle 
Safety Standards (FMVSS) No. 208. The HIC value is calculated using the following equation: 
( ) ( )12
5.2
12
2
1
1max ttdtta
tt
HIC
t
t
−
⎥⎥⎦
⎤
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⎡
−= ∫  1-1 
where t1 and t2 are two arbitrary times (in seconds) from the duration of the acceleration pulse and a(t) is 
the resultant head translational acceleration (in g’s) measured at the center of head gravity. FMVSS No. 
208 requires a maximum time interval of 36 ms; for a 50th percentile male, the HIC36 value should not 
exceed 1,000. In 2000, NHTSA introduced a 15-ms maximum time interval to calculate the HIC15 value; 
for the 50th percentile male, the HIC15 value should not be greater than 700 (Eppinger et al., 2000). 
1.3.2 Biomechanics of Lower Limb Injuries 
The bumper is the leading source of lower limb injuries (Mizuno, 2005; Chen et al., 2009). Pedestrians’ 
typical lower limb injuries include fractures of long bones (femur, tibia, and fibula), damage to the knee 
joint (such as the ligament avulsion and the condyle fracture), and ankle/foot dislocation and fracture 
(Foret-Bruno et al., 1998; Edwards and Green, 1999; Yang, 2005). 
The primary mechanism for long bone fractures has been identified as the shearing and bending loads 
induced by bumper and/or hood leading-edge impacts (Nahum and Melvin, 2001). The fracture tolerances 
of the femur, tibia, and fibula are summarized from previous studies in Table 1-4. Furthermore, the failure 
forces of long bones depend on impact speed: the greater the impact speed, the larger the impact force 
needed to fracture long bones (Kress et al., 1995; Yang, 1997). 
Table 1-4 Breaking tolerances of the femur, tibia, and fibula 
Bone Shearing Force 
(kN) 
Bending Moment 
(Nm) 
Tensile Stress 
(MPa) 
Source 
3.1 (LM)~5.7 (AP) - 147~284 Kress et al. (1993) 
1.45±0.65 (F, PA)~5.7±2.68 (M, AP) - - Kress et al. (1995) 
1.31~8.37 100~500 - Kress and Porta (2001) 
Femur 
- 120~440 - Ivarsson et al. (2009) 
3.3~4.3 - - Krammer et al. (1973) 
1.0 - - Bunketorp et al. (1982) 
4.1±1.2 (F), 4.7±1.4 (M) 278±30 (F), 317±88 (M) 94~435 Nyquist et al. (1985) 
- 241±49 (S), 408±115 (D) - Schreiber et al. (1997) 
1.02±0.35 (M, LM)~4.85±2.08 (M, AP) - - Kress et al. (1995) 
Tibia 
1.19~7.07 100~500 - Kress and Porta (2001) 
Fibula 0.57±0.28 (F, LM)~2.15±1.27 (M, AP) - - Kress et al (1995) 
F: female; M: male. LM: lateral-to-medial; AP: anterior-to-posterior. S: static; D: dynamic. 
Knee injuries are caused mainly by the contact force resulting from the direct impact on the knee and the 
forces transferred through the knee joint. Knee injuries caused by direct contact force include fractures of 
the fibula head and lateral tibia condyle, extra-articular injuries, and diaphyseal fractures of the tibia or 
femur. These injuries always occur at the beginning stage of lateral knee displacement (Kajzer et al., 
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1990). The forces transferred through the knee joint can result in the shearing and bending deformation of 
the knee joint. Knee-shearing dislocation generates the tension in knee ligaments and the concentrated 
contact force between the medial femur condyle and the tibial intercondylar eminence. If the tolerance 
level is exceeded, then the ligaments can be avulsed, the tibial intercondylar eminence can be fractured, 
and the femoral cartilage can also be damaged (Kajzer et al., 1990). When the knee joint is exposed to a 
bending load, the knee ligaments are stretched, and the compressing force is induced between lateral 
condyles. The excessive bending of the knee joint leads chiefly to partial or total rupture of Medial 
Collateral Ligament (MCL). However, the fracture of the tibia condyle and the rupture of Lateral 
Collateral Ligament (LCL), Anterior Collateral Ligament (ACL), and Posterior Collateral Ligament (PCL) 
can also occur (Kajzer et al., 1993). The injury tolerances of the knee joint have been investigated in 
several studies and are summarized in Table 1-5. 
Table 1-5 Injury tolerances of the knee joint 
Shearing Force 
(kN) 
Bending Moment 
(Nm) 
Test Condition Source 
0.75~3 100 Quasi-static Remet et al. (1995) 
1.8±0.4 - 15 km/h 
2.6±0.5 - 20 km/h 
Kajzer et al. (1990) 
- 101±21 16 km/h 
- 123±35 20 km/h 
Kajzer et al. (1993) 
2.4±0.2 418±100 20 km/h, pure shearing 
1.3±0.5 307±147 20 km/h, pure bending 
Kajzer et al. (1999) 
2.6±0.5 489±141 40 km/h, pure shearing 
1.5±0.6 331±79 40 km/h, pure bending 
Kajzer et al. (1997) 
1.4 Countermeasures for Pedestrian Protection 
Several systems have been developed to protect pedestrians from crashes with the car front. In order to 
alleviate the injuries to pedestrians caused by collisions with the car bumper, a new bumper system was 
developed that absorbs impact energy more efficiently. The basic design of the energy absorption bumper 
includes an energy absorber made of plastics, foam, or Shock Absorbing Liquid (SALi). This absorber is 
located between the bumper beam and the bumper cover to absorb impact energy (Shuler and Staines, 
1998; Kalliske and Friesen, 2001; Chon et al., 2007; Doerr et al., 2007; Jaarda and Nagwanshi, 2007; 
Pinecki and Zeitouni, 2007; Glance and Tokarz, 2008; Davies et al., 2009). Strengthening and moving the 
lower stiffener forward have also been considered as a feasible method to dissipate part of the impact 
energy and reduce knee bending (Shuler and Staines, 1998; Chon et al., 2007; Doerr et al., 2007; Pinecki 
and Zeitouni, 2007). 
In order to protect the pedestrian’s head from collisions with the car hood, the active hood system (see 
Figure 1-6) was implemented to soften such collisions (Fredriksson et al., 2001; Kalliske and Friesen, 
2001; Krenn et al., 2003; Lee et al., 2007; Pinecki and Zeitouni, 2007; Oh et al., 2008; Shin et al., 2008; 
Inomata et al., 2009). This system consists of a hood that lifts at the rear when a pedestrian is struck by the 
car. In this case, the distance between the hood and the stiff inner parts of the car (e.g., the engine) 
becomes wider, creating a larger degree of hood deformation when the hood is struck by the pedestrian’s 
head. As a result, more impact energy can be absorbed and head injuries can be alleviated. 
 
Figure 1-6 Active hood in the lifted position (Fredriksson et al., 2001) 
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In addition to the energy absorption bumper and active hood, external airbags are also used to soften car-
pedestrian impacts. Maki and Asai (2002) presented an A-pillar airbag to cushion the pedestrian’s head 
impacted with the A-pillar. Holding et al. (2001) and Moxey et al. (2006) presented a concept to combine 
bumper and scuttle airbags in order to cushion the pedestrian’s body impacted by the car front. Bovenkerk 
et al. (2009) presented a U-shaped scuttle airbag combined with a pop-up hood to protect the pedestrian’s 
head from collisions with the scuttle area, as well as the lower parts of the windscreen and A-pillar. Figure 
1-7 illustrates a car equipped with the U-shaped scuttle airbag and pop-up hood. If an unavoidable 
pedestrian impact is detected, the U-shaped airbag is triggered to cover the scuttle area, as well as the 
lower parts of the windscreen and A-pillar. Simultaneously, the pop-up hood will be lifted by the 
deploying airbag. Through this combination of airbag and pop-up hood, the pedestrian’s head can be 
protected during collisions that are often severe and even fatal. 
 
Figure 1-7 U-shaped scuttle airbag and pop-up hood (Bovenkerk et al., 2009) 
1.5 Sensor Systems to Detect Pedestrian Crashes 
In order to trigger the protective systems, various sensor systems are used to detect pedestrian impacts. 
These systems can be divided into two major groups: remote sensor systems and contact sensor systems. 
1.5.1 Remote Sensor Systems 
Remote sensor systems can detect upcoming pedestrian impacts. Typical remote sensors used to detect 
pedestrian crashes include the radar sensor, laser scanner, infrared camera, and stereo vision camera 
(Gavrila et al., 2001; Holding et al., 2001; Labayrade et al., 2005; Linzmeier et al., 2005; McCarthy and 
Simmons, 2005; Moxey et al., 2006; Krotosky and Trivedi, 2007; Chen and Han, 2008; Natroshvili et al., 
2008; Gidel et al., 2009). The characteristics of these sensors are compared in Table 1-6. 
Table 1-6 Comparison of remote sensors for pedestrian detection (Gandhi and Trivedi, 2006) 
Sensor Type Detection 
Method 
Detected 
Information 
View 
Field 
Angular 
Resolution 
Detection 
Range 
Range 
Resolution 
Radar Radar wave Speed and distance Narrow Low Low/medial High 
Laser Scanner Laser pulse Speed and distance Wide Medial Medial High 
Infrared Camera Infrared radiation Visual features Medial Low/medial Low/medial Low 
Vision Camera Visual light Visual features Medial Medial/high Low/medial Medial 
Compared to radar and laser sensors, infrared and vision cameras provide much richer information about 
pedestrians and the background environment. However, the image sequences cannot be used without 
further interpretation (Bu et al., 2005). Based on the image sequences, different methods have been used to 
identify pedestrians. The two primary trends (Bu et al., 2005) are the shape-based method (Gavrila and 
Giebel, 2002; Bertozzi et al., 2003; Ramanan et al., 2007) and the motion-based method (Mori et al., 1994; 
Niyogi and Adelson, 1994; Cutler and Davis, 1999; Fardi et al., 2005). Although radar and laser signals 
cannot be used to identify pedestrians directly, they can provide accurate location and motion information 
regarding pedestrian movement. Considering the different characteristics of these sensor systems, the 
radar sensor and laser scanner are used concurrently with an infrared camera or vision camera to provide 
more accurate identification and location of pedestrians (Gavrila et al., 2001; Labayrade et al., 2005; 
Linzmeier et al., 2005; McCarthy and Simmons, 2005; Moxey et al., 2006; Gidel et al., 2009). 
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1.5.2 Contact Sensor Systems 
Contact sensor systems can detect and identify pedestrian impacts as crashes occur. Typical contact 
sensors include the accelerometer, piezoelectric sensor, fiber optical sensor and pressure sensor (Zanella et 
al., 2002; Mlekusch et al., 2004; Kim and Chang, 2005; Scherf, 2005; Lee et al., 2007). 
A piezoelectric sensor is a device that uses the piezoelectric effect to measure pressure, acceleration, strain, 
or force. In the application for pedestrian detection, one or more piezoelectric sensors can be integrated 
into the front of the vehicle, as shown in Figure 1-8, to detect the initial impact. During the collision, the 
stress detected by the sensor is transformed proportionally into piezoelectricity and processed by the 
sensor circuit. By analyzing the sensor signal, the effective mass and dimension of the object is identified. 
According to the preset threshold, the triggering decision is made. Because of the fast dynamic response of 
the piezoelectric sensor and its far front installation position, the piezoelectric sensor can detect and 
analyze an impact as soon as it occurs (Zanella et al., 2002; Kim and Chang, 2005). 
 
Figure 1-8 Piezoelectric sensor (Zanella et al., 2002) 
Scherf (2005) presented a fiber-optic contact sensor for pedestrian impact detection. The entire contact 
sensor is comprised of 16 fiber-optic segments that detect the flexion caused by the impact. A normal 
optical fiber is covered by a reflective coating to minimize the loss of light transferring through it. In the 
contact sensor, that coating is partially removed, thereby inducing a constant loss of light transferring 
through the straight fibers. This loss can be increased or reduced through the flexion of the fibers. Such a 
change can be transformed into an electrical signal. Based on this phenomenon, any impact with the 
bumper can be detected by the attached sensor. 
Mlekusch et al. (2004) presented a pressure sensor concept to detect pedestrian impacts. In it, a small tube 
is fixed on the inner surface of the bumper cover. Both ends of the tube are sealed by a pressure sensor, 
with air serving as the medium inside the tube. When the bumper is impacted, the sensor tube is 
compressed and the impact signal is detected by the pressure sensors. 
Contact sensor systems offer some advantages, such as low cost, fast reaction speed, and high resistance to 
certain environmental factors. However, because such sensors can only detect and identify the crashes that 
have already happened, their triggering decisions may be available too late for some pedestrian protection 
systems. Moreover, contact sensors are always used to detect the impact on the bumper or the impact 
signal transferred though the bumper system. This will result in an unstable sensor output for the high 
temperature dependency of the bumper foam material. 
1.6 Assessment of Pedestrian Protection 
In order to assess the protective performance afforded by the car front for pedestrians in traffic accidents, 
European Enhanced Vehicle-safety Committee Working Group 17 (EEVC WG17) proposed impact tests 
for cars by using pedestrian subsystem impactors to represent the most frequently and seriously injured 
body parts (see Figure 1-9) (EEVC, 2002). The acceptance requirements of these tests are summarized in 
Table 1-7. These safety tests are already being used by the European New Car Assessment Program 
(EuroNCAP). 
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Figure 1-9 EEVC subsystem impact tests (EEVC, 2002) 
Table 1-7 Acceptance requirements of the EEVC subsystem impact tests (EEVC, 2002) 
Impact Test (40 km/h) Acceptance Level Injury Risk 
Knee-bending angle ≤ 15° - 
Knee-shearing displacement ≤ 6 mm - 
Lower legform to bumper 
Knee lateral acceleration ≤ 150 g 20% risk of AIS 2+ 
Femur force ≤ 5 kN Upper legform to bonnet leading edge 
Femur-bending moment ≤ 300 Nm 
20% risk of AIS 2+ 
Child headform to bonnet top HIC15 ≤ 1000 - 
Adult headform to bonnet top HIC15 ≤ 1000 20% of AIS 3+ (Mertz et al., 1996) 
Based on the EEVC subsystem impact tests, the European Parliament and Council (2009) proposed two 
stages of subsystem impact tests with lower acceptance levels (see Table 1-8), which will be used on all 
cars in Europe. 
Table 1-8 Subsystem impact tests proposed by European Parliament and Council (2009) 
Date of Application Test Impact Speed Acceptance Level 
Lower legform to bumper 40 km/h Lateral knee-bending angle ≤ 21° 
Knee-shearing displacement ≤ 6 mm 
Knee lateral acceleration ≤ 200 g 
Upper legform to bumper 40 km/h Instantaneous sum of femur force ≤ 7.5 kN 
Femur-bending moment ≤ 510 Nm 
2009-11-24 
Child headform to bonnet top 35 km/h HIC15 ≤ 1000 over 2/3 test area 
HIC15 ≤ 2000 over 1/3 test area 
Lower legform to bumper 40 km/h Lateral knee-bending angle ≤ 21° 
Knee-shearing displacement ≤ 6 mm 
Knee lateral acceleration ≤ 170 g 
Upper legform to bumper 40 km/h Instantaneous sum of femur force ≤ 7.5 kN 
Femur-bending moment ≤ 510 Nm 
Child headform to bonnet top 35 km/h 
2013-02-24 
Adult headform to bonnet top 35 km/h 
HIC15 ≤ 1000 on 1/2 child test area 
HIC15 ≤ 1000 on 2/3 child/adult test area 
HIC15 ≤ 1700 on other test area 
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2. METHODOLOGY 
2.1 Mathematical Models 
2.1.1 General 
Mathematical models have played an increasingly important role in the analysis of crash accidents and the 
optimization of vehicle structures. Two methods are in wide use today. 
• Multi Body System (MBS) Approach. An MBS is a system of rigid bodies connected by 
kinematic joints. These bodies usually have geometric shapes that often consist of ellipsoids. The 
joints constrain the relative motion between the connected bodies and thus reduce the system 
degrees of freedom. The motion of the bodies results from the equilibrium of applied forces and 
the rate of change in the momentum. This approach has demonstrated its advantage in modeling 
the responses of the whole body, such as the kinematics, force, and acceleration. However, this 
method is limited in the analysis of physical responses related to body deformation and contact 
between bodies. Typical MBS software includes MADYMO and PC-Crash. 
• Finite Element (FE) Method. The FE method is a numerical technique used to find approximate 
solutions of partial differential equations and integral equations. Using this method, a complex 
solution domain is divided into a series of smaller regions (i.e., elements) in which the differential 
equations are solved approximately. By assembling the set of equations for each element, the 
behavior over the entire solution domain is determined. The process of dividing a domain into a 
finite number of elements is referred to as discretization. Elements are connected at specific points, 
called nodes. The assembly process requires the solution to be continuous along common 
boundaries of adjacent elements. The FE method can be implemented in a wide range of physical 
areas, such as thermal analysis, electromagnetic analysis, fluid dynamics, and structural analysis. 
For dynamic structural analysis, the FE method can be used to calculate not only the responses of 
the whole structure, but also those related to the deformation of the structure and the contact 
between structures. Compared to the MBS approach, the significant computational cost typically 
associated with the FE method represents a major limitation. Representative FE codes for dynamic 
structural analysis include LS_DYNA, RADIOSS, and PAM-CRASH. 
In this study, the FE method was used to analyze the collisions between passenger cars and pedestrians. 
LS_DYNA was selected to conduct the simulations. 
2.1.2 Fundamental Theory of Selected Software 
LS_DYNA is a commercial FE code used to analyze the large deformation static and dynamic responses 
of structures. The primary solution methodology is based on explicit time integration. Figure 2-1 
demonstrates a deformable body in a Cartesian coordinate system. 
 
Figure 2-1 Deformable body in a Cartesian coordinate system (LSTC, 2006) 
According to LSTC (2006), the current position of a point in the deformable body (see Figure 2-1) can be 
expressed as: 
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( )tXxx ii ,α=  2-1 
where xi (i=1, 2, 3) is the current coordinates of the point, Xα (α=1, 2, 3) is the initial coordinates, and t is 
the time. At time t=0, the initial conditions can be written as: 
( ) αα XXxi =0,  2-2 
( ) ( αα XVXx ii =0,& ) 2-3 
where Vi is the initial velocities. The momentum equation of the point can be written as: 
iijij xf &&ρρσ =+,  2-4 
where σij,j is the Cauchy stress tensor, ρ is the current density, and the fi is the body force density. The 
desired solution of the momentum equation will satisfy the traction boundary condition, the displacement 
boundary condition, and the contact discontinuity on the boundary ∂b1, ∂b2 and ∂b3, respectively: 
( )tln ijij =σ  2-5 
( ) (tDtXx ii =,α ) 2-6 
( ) 0=− −+ jijij nσσ  2-7 
where σij is the Cauchy stress, nj is a unit outward normal to a boundary element of ∂b, li(t) is the applied 
traction load, and Di(t) is the current displacement. 
If Equation 2-4 is integrated with the current domain, the following expression can be obtained as: 
( ) ( ) ( ) 0
31
, =−+−+Ω−− ∫∫∫ ∂ −+∂Ω dsxndsxlndxfx ijb ijijib ijijijiji δσσδσδρσρ &&  2-8 
where Ω is the current domain, and δxi is an arbitrary displacement and satisfies the boundary condition on 
∂b2. If the divergence theorem is applied on Equation 2-8, the weak form of the equilibrium equation can 
be obtained as: 
0
1
, =−Ω−Ω+Ω ∫∫∫∫ ∂ΩΩΩ dsxldxfdxdxx ib iiijiijii δδρδσδρ &&  2-9 
If the domain is discretized by finite elements, the displacement of the point can be written as: 
( ) ( )( ) ( txtXxtXx jik
j
jii γηξφγηξαα ,,,,,,
1
∑
=
== ) ( )  2-10 
where iφ is shape (interpolation) function of the parametric coordinates (ξ, η, γ), k is the number of the 
nodes defining the element including the point, and jix is the nodal coordinate of the jth node in the ith 
direction. In this case, Equation 2-9 can be expressed as: 
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dsldfddx ρσρ &&  2-11 
( mikmi φφφ ,,, 21 L=Φ )  2-12 
where n is the number of elements on the current domain. Equation 2-11 can be rewritten in matrix form 
as: 
{ } 0
1 1
=−Ω−Ω+Ω∑ ∫ ∫ ∫ ∫
= Ω Ω Ω ∂
mn
m
b
tttt
m m m
ldsNbdNdBNadN ρσρ  2-13 
where N is the interpolation matrix, σ is the stress vector, B is the strain-displacement matrix, a is the 
nodal acceleration vector, b is the body force load vector, and l is the applied traction load. 
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At time I, Equation 2-13 can be simply expressed as: 
III FPMa −=  2-14 
where M is the diagonal mass matrix, P is the external load vector, and F is the stress divergence vector. 
LS_DYNA uses the central difference method to update the time step to I+1:  
( )III FPMa −= −1  2-15 
IIII tavv Δ+= −+ 2121  2-16 
2
1
2
11 +++ Δ+= IIII tvuu  2-17 
( )
2
1
2
1 ++ Δ+Δ=Δ
III ttt  2-18 
101 ++ += II uxx  2-19 
where v and u are the global nodal velocity and displacement vectors. The minimal time step Δt is decided 
by element size, material stiffness and density. 
2.1.3 Biomechanical Material Laws 
Various material laws are available in LS_DYNA for modeling human body tissues. In this section, the 
material laws commonly used for modeling human brain, ligaments and bones are introduced. 
Viscoelastic Material: The viscoelastic material can be used to describe the viscoelastic property of soft 
tissues. It is commonly used for modeling the human brain in FE models. According to LSTC (2007), the 
shear relaxation behavior is described as: 
( ) tlsl eGGGtG β−−+=)(  2-20 
where Gs is the short-term shear modulus, Gl is the long-term shear modulus, and β is the decay constant. 
Material of Strain-Rate Dependent Plasticity: The material law of strain-rate dependent plasticity 
describes that the material yield strength changes with the effective strain rate. It can be used for modeling 
human ligaments in FE models. According to LSTC (2007), the yield stress σy can be defined as: 
( ) ppy E εεσσ += &0  2-21 
where σ0 is the yield strength which is a function of the effective strain rate ε& , εp is effective plastic strain, 
and Ep is defined as: 
t
t
p EE
EEE −=  2-22 
where E is the Young’s modulus, and Et is the tangent modulus. 
Material of Simplified Johnson-Cook: The material of simplified Johnson-Cook is used in problems 
where the strain rate varies over a wide range. It can be used for modeling human bones in FE models. 
According to LSTC (2007), the yield stress σy can be defined as: 
( )( εεσ &ln1 CBA npy ++= )  2-23 
where A, B, C, and n are input constants. 
2.1.4 Human Body FE Models 
Since the 1990s, a number of human body FE models have been developed to analyze human injury 
mechanisms in traffic crashes. These models include fully-body models and models of various body parts. 
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Full-body FE models have been developed to analyze the responses of the full human body to traffic 
collisions. Huang et al. (1994) developed a full-body model to predict the responses of car occupants 
during side impacts. In this model, only the rib cage was represented in detail; the other body parts were 
simplified. The model was validated based on cadaver (occupant) side impacts and lateral pendulum 
impacts. This simplified model was found to be effective in estimating chest injury parameters and 
evaluating car structures for side impact protection. Maeno and Hasegawa (2001) and Iwamoto et al. 
(2002) presented a detailed full-body human model to study the injury mechanisms of car occupants and 
pedestrians. This model was named Total HUman Model for Safety (THUMS) and was validated against a 
cadaver (pedestrian) side impact, cadaver (pedestrian) pelvis and lower limb impacts, and cadaver 
(occupant) body segment impacts. This study concluded that the THUMS model was a promising tool for 
reconstructing multiple human injuries in traffic crashes. Robin (2001) presented a detailed full-body 
model, named HUman Model for safety (HUMOS), to study the injury mechanisms of car occupants. The 
separate body parts of the HUMOS model were validated against the corresponding body segment impacts, 
respectively. Following the work of Robin (2001), Vezin and Verriest (2005) presented a group of full-
body models (HUMOS2) to study the injury mechanisms of car occupants and pedestrians. In this study, a 
5th percentile female occupant model, a 50th percentile male occupant model, and a 95th percentile male 
pedestrian model were scaled from the HUMOS model and refined for important body parts. These 
models were again validated based on cadaver (occupant) front and oblique impacts. Additional full-body 
models can be found in published literature, and some of the published models are introduced in Table 2-1. 
Table 2-1 Full-body FE models 
Resource Size Elements Posture Validation 
Huang et al., 1994 50th percentile male About 12,000 Seating Side impacts 
Lateral pendulum impacts 
Lizee et al., 1998 50th percentile male About 10,000 Seating 30 test configurations 
Maeno and Hasegawa, 2001 
& Iwamoto et al., 2002 
50th percentile male About 83,000 Seating 
& standing 
Pedestrian lower limb impacts 
Pedestrian pelvis side impacts 
Pedestrian side impact 
Body segment impacts 
Robin, 2001 50th percentile male About 50,000 Seating Body segment impacts 
Ruan et al., 2003 50th percentile male About 119,000 Seating Frontal pendulum impacts 
Side pendulum impacts 
Belt loading 
Vezin and Verriest (2005) 5th percentile female 
50th percentile male 
95th percentile male 
- Seating 
Seating 
Standing 
Front impacts 
Oblique impacts 
Kimpara et al., 2005 5th percentile female About 116,000 Seating Frontal pendulum impacts 
Side pendulum impact 
Oblique pendulum impacts 
Ballistic best impact 
Lower limb FE models are used to analyze the injury mechanisms of human lower limbs in collisions with 
vehicle structures. Iwamoto et al. (2000) developed a detailed lower limb FE model to predict the lower 
extremity injuries of car occupants in full front and offset front impacts. This model was validated against 
three-point bending tests for long bones, quasi-static bending tests for ankle joints and the impact test on 
the foot region. It was concluded that the fractures of the bones of the ankle/foot region can be predicted 
by this model. Beillas et al. (2001) developed a human Lower Limb Model for Safety (LLMS). This 
model represented the detailed anatomical structures of the lower limb of a 50th percentile male. It was 
validated globally for some of the common injury mechanisms encountered in both frontal and pedestrian 
impacts. This study concluded that the model was able to simulate both kinematic and deformable 
behaviors simultaneously. Nagasaka et al. (2003) presented a detailed lower limb model to assess injuries 
to the lower extremities of a pedestrian. The model was derived from the THUMS model and refined 
further for lower limb impacts. Cadaver knee shearing and bending tests were used to validate this model. 
Huang et al. (2008) developed a lower limb model to study the injuries of pedestrian lower extremities in 
car collisions. This model was derived from the HUMOS2 model and refined for lower limb collisions. 
Cadaver knee shearing and bending tests were used to validate this model. This study identified that the 
lower limb model can simulate the kinematics and injuries of pedestrians’ lower extremities in car 
collisions. Additional lower limb models appear in published literature, and Table 2-2 summarizes some 
of the published models. 
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Table 2-2 Human lower limb FE models 
Reference Size Elements Posture Validation 
Iwamoto et al., 2000 50th percentile male - Seating Three-point bending tests for long bones 
Quasi-static bending tests for ankle joint 
Impact test on the foot region 
Schuster et al., 2000 - - Standing Three-point bending tests for long bones 
Shearing and bending tests for knee 
Beillas et al., 2001 50th percentile male 25,000 Seating Static axial compression tests along tibia 
Horizontal impacts on patella 
Vertical impacts on tibia 
Shearing tests on tibia 
Shearing and bending tests for knee 
Nagasaka et al., 2003 50th percentile male - Standing Shearing and bending tests for knee 
Takahashi et al., 2003 50th percentile male - Standing Three-point bending tests for long bones 
Quasi-static tensile tests for ligaments 
Dynamic tensile tests for ligaments 
Shearing and bending tests for knee 
Rooij et al., 2004 50th percentile male - Seating Knee-femur response tests 
Knee-thigh-hip tolerance tests 
Untaroiu et al., 2005 50th percentile male 18,500 Standing Three-point bending tests for long bones 
Compression tests for lower limb 
Three-point bending tests for leg 
Three- and four-point knee bending tests 
Kikuchi et al., 2006 50th percentile male - Standing Three-point bending tests for thigh and leg 
Tensile tests for knee ligaments 
Four-point bending tests for knee 
Huang et al. 2008 50th percentile male 16.945 Standing Shearing and bending tests for knee 
Head FE models are used to analyze the injury mechanisms of the human head in collisions with vehicle 
structures. Zhou et al. (1995) presented a human head model to represent the detailed anatomical 
structures of the head of a 50th percentile male. It was validated against a cadaver head frontal impact test. 
Kang et al. (1997) presented a detailed human head model to reconstruct the head impact caused by a 
motorcycle accident. This model was named the head model of Universite Louis Pasteur (ULP) and was 
validated based on cadaver head frontal impact. The results of this study proved the good performance of 
the UPL model to predict the site of brain injury. Zhang et al. (2001) developed a human head model to 
simulate direct and indirect impacts over a wide range of severities. This model was named the Wayne 
State University Brain Injury Model (WSUBIM). It was validated against a number of cadaver head 
frontal, occipital, and facial impacts. Further, the WSUBIM model can be considered as a powerful tool 
with which to understand further the injury mechanisms and the tolerances of the brain to blunt impacts. 
Yang et al. (2008) developed a human head model to analyze the collisions between the pedestrian head 
and the car hood. This model represented all essential anatomical features of a 50th percentile male head 
and was validated against cadaver head frontal and facial impacts. It was identified as a promising tool 
with which to understand the injury mechanisms of the brain in blunt impacts. Information about 
additional head models has been published in recent years, and some of the published models are 
summarized in Table 2-3. 
Table 2-3 Human head FE models 
Reference Size Elements Validation 
Zhou et al., 1995 50th percentile male 22,995 Frontal impact 
Ruan et al., 1996 - 9,146 Frontal impact 
Turquier et al., 1996 - 5,400 Forehead and face impacts 
Kang et al., 1997 - 13,208 Frontal impact 
Zhang et al., 2001 50th percentile male 314,500 Frontal and occipital impacts 
Facial impacts 
Kleiven and Hardy, 2002 - 18,416 Frontal and side impacts  
Takhounts et al., 2003 50th percentile male 7,852 Frontal, occipital and temporal impacts 
Deck et al., 2004 - 74,243 Frontal shock 
Vertex and occipital impacts 
Ejima et al., 2004 Small male 1,220,000 Frontal impact 
Yao et al., 2008 - - Frontal impact 
Takhounts et al., 2008 50th percentile male 45,875 Frontal, occipital and temporal impacts 
Yang et al., 2008 50th percentile male 61,121 Frontal and facial impacts 
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2.2 Statistical Methods of Experiment Design 
The statistical method of factorial experiment design was used to investigate the effects of the design 
parameters of the RBS and the RH on pedestrian responses in car collisions. The response surface method 
was implemented to optimize the design configurations of the RH for the head protection of adult 
pedestrians. 
2.2.1 Method of Factorial Experiment Design 
Box et al. (2005) presented the statistical method to calculate and evaluate the effects of experimental 
factors on experimental results. According to this method, the effects of the design parameters of the RBS 
and the RH can be calculated as: 
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where Eff is the effect of some design parameter, R+i is the simulation result for one value of the parameter 
with m being the number of the results, and R-j is the result for another value of the parameter with n being 
the number. Because the FE method was used to analyze the car-pedestrian collisions in this study, the 
repeat measurements of the simulation results were unfeasible. Therefore, the variance of the effect was 
estimated by: 
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where SEff is the estimated variance of the effect, R+ is the average result for one value of the design 
parameter, and R- is the average result for another value of the parameter. The null hypothesis was 
presented as the effect being zero. The P-value of the effect was thus calculated as: 
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where t is the Student’s t distribution and m+n-2 gives the degrees of freedom, and 1 means the P-value is 
one-tail P-value. Where the P-value is less than 0.05, the null hypothesis should be statistically refused 
and the effect is significant. 
2.2.2 Response Surface Method 
Box et al. (2005) presented the response surface method to explore the relationship between experimental 
factors and the result. According to this method, the response surfaces expressed by polynomials were 
developed to represent the relationship between the design variables of the RH and the impact responses 
of pedestrian heads. A response surface can be written in matrix form as: 
BXY ×=  2-27 
where Y is the response vector, X is the matrix of the design variables, and B is the constant coefficient 
vector. The B vector can be solved using the least square method as: 
YXXXB TT ×××= −1)(  2-28 
Thus, the response surface was obtained. For the developed response surface, the sum of squared residuals 
(SSR) was calculated by: 
)()( BXYBXYSSR T ×−××−=  2-29 
For each response surface, the order of the polynomial was selected to minimize the SSR. 
In order to assess the accuracy of the response surface, extra experiments should be conducted. The results 
obtained from such extra experiments and predicted by the response surface can be compared as: 
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where APE is the average prediction error, yi is the response obtained from the simulation, yi′ is the 
response predicted by the response surface, and s is the number of the simulations. Then, the Lack Of Fit 
(LOF) test should be conducted to estimate the statistical significance of APE. If APE is significant, the 
response surface is not sufficiently accurate; otherwise, the response surface can be accepted. In this study, 
the FE method was used instead of physical tests to analyze car-pedestrian impacts. As a result, the LOF 
test cannot be conducted to estimate the significance of APE. However, APE can still provide a general 
indication on the accuracy of the response surface. 
3. AIM OF STUDY 
The overall aim of this study is to evaluate and optimize the performance of the integrated safety system. 
The specific goals of this study include: 
• An evaluation of the effectiveness of the remote sensor system in detecting pedestrians at risk in a 
vehicle traffic environment; 
• An analysis of the performance of the contact sensor for the temperature-independent 
measurement of pedestrian impacts; 
• An investigation into the efficiency of the RBS, in different design configurations and various 
impact conditions, in protecting pedestrians’ lower limbs; and, 
• Evaluation and optimization of the RH performance relative to the prevention of head injuries 
among adult pedestrians due to hood collisions. 
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4. SUMMARIES OF PAPERS I-IV 
4.1 Paper I 
Evaluation of Remote Pedestrian Sensor System Based on the Analysis of Car-Pedestrian Accident 
Scenarios 
Objectives: This study evaluated the effectiveness of a remote sensor system for detecting pedestrians at 
risk in a vehicle traffic environment. 
Methods: The main data source for this study was the STRADA database. As described in Table 4-1, nine 
scenarios of car-pedestrian accidents were defined in STRADA according to pedestrian and car 
trajectories, and accident locations. From January 1, 1999, to September 13, 2005, 2,199 car-pedestrian 
impacts with identified accident scenarios were recorded in the database. These cases were selected and 
analyzed further in the current study. Based on this analysis, the two most common scenarios were 
identified. Subsequently, the qualitative and quantitative knowledge indicated in Table 4-2 was developed 
for these two scenarios. The qualitative pedestrian and car trajectories were obtained from the definition of 
the accident scenarios, while the quantitative speeds of pedestrians and cars were estimated statistically. 
Based on the qualitative and quantitative knowledge developed, a mathematical model was presented from 
the hypothesis that all pedestrians in the detection range of the sensor system will be detected in a timely 
manner. The remote sensor system was then evaluated using this model. 
Table 4-1 Description of the accident scenarios 
Scenario Description 
F1 Pedestrian crossing road, car coming from the left side of the pedestrian 
F2 Pedestrian crossing road, car coming from the right side of the pedestrian 
F3 Pedestrian moving along the left side of road 
F4 Pedestrian moving along the right side of road 
F5 Pedestrian crossing before intersection, car going straight forward 
F6 Pedestrian crossing after intersection, car going straight forward 
F7 Pedestrian crossing after intersection, car turning left 
F8 Pedestrian crossing after intersection, car turning right 
F9 Pedestrian standing in the path of the oncoming vehicle 
Table 4-2 Variables for car-pedestrian accident scenarios 
 Variable 
Qualitative Knowledge 
 
Trajectory of pedestrian 
Trajectory of car 
Quantitative Knowledge 
 
Speed of pedestrian 
Velocity of car 
Location of impact point on car 
Results: It was identified that F6 was the most common scenario and accounted for 683 car-pedestrian 
accidents (31.1%) among the 2,199 cases selected. F5 was the second most common scenario and 
accounted for 347 car-pedestrian impacts (15.7%) of the 2,199 accidents. Because F5 and F6 were the two 
most common accident scenarios, the qualitative and quantitative knowledge was developed exclusively 
for them. 
According to the description of accident scenarios F5 and F6 in Table 4-1, the moving trajectories of the 
pedestrians and cars were directly obtained. In these two scenarios, the moving trajectories of the 
pedestrians and passenger cars are straight, meeting at a 90-degree angle. Based on the pedestrians’ ages, 
the road speed limits at accident locations, and the damages to cars, the pedestrian speeds, the car 
velocities, and the locations of the impact points on cars were estimated. A mathematical model (Figure 4-
1) was developed to evaluate the effectiveness of the sensor system in accident scenarios F5 and F6. 
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Figure 4-1 Mathematical model for the evaluation of the sensor system 
For any case covered by this model, dc can be calculated using: 
rcc tvd ×=  4-1 
where vc is the car velocity and tr is the latency of the sensor and protective system. In addition, dp can be 
calculated using: 
rpp tvd ×=  4-2 
where vp is the pedestrian speed. Thus, ds and yp can be obtained from: 
( )αtan×= cs dd  4-3 
cpp ydy −=  4-4 
If yp is smaller than ds, the sensor system can detect the pedestrian in a timely manner. 
If the effectiveness of the sensor system is evaluated in the entire accident scenario, the probability density 
functions of car velocities, pedestrian speeds, and Y coordinate values of impact points can be used in 
Equations 4-1, 4-2, and 4-4 as Vc, Vp and Yc. According to Equations 4-3 and 4-4, Ds and Yp become 
random variables as well. The effectiveness of the sensor system for pedestrian detection can therefore be 
calculated using: 
( ) ( )dydxyDxYP x sp ∫∫∞−= 001  4-5 
where P is the probability of the pedestrian being detected in time and Yp(x) and Ds(y) are the probability 
density functions of Yp and Ds, respectively. Using this model, the probabilities for pedestrians being 
detected in the F5 and F6 scenarios were calculated in terms of the different detection angles (Table 4-3). 
Table 4-3 Probability of pedestrians being detected in a timely manner 
Probability Detection Angle Accident Scenario Pedestrian Walking Pedestrian Running 
F5 1.000 1.000 45° 
F6 1.000 1.000 
F5 1.000 0.998 30° 
F6 1.000 0.997 
F5 0.991 0.734 15° 
F6 0.987 0.657 
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Discussion: Based on the analysis of the pedestrian accidents recorded in the STRADA database, the two 
most common scenarios for the pedestrian accidents in Sweden were identified as cars entering and 
leaving intersections and colliding with pedestrians crossing the road. According to the definitions of the 
scenarios, the trajectories of the pedestrians and cars were obtained as moving straight forward and 
meeting at a 90-degree angle. The speeds of pedestrians, velocities of cars, and locations of the impact 
points on cars were estimated statistically for these two scenarios. 
Based on the knowledge developed, the mathematical model was designed to evaluate the effectiveness of 
the sensor system in the accident scenarios. This evaluation identified that in order to detect all pedestrians 
in the two scenarios in a timely manner, the detection angle of the sensor system must be greater than 60°. 
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4.2 Paper II 
Performance Analysis of a Bumper-Pedestrian Contact Sensor System Using FE Models 
A bumper-pedestrian contact sensor was developed to detect impacts with pedestrians and trigger 
pedestrian protective systems (e.g., a RH). The main component of the contact sensor was a sealed air tube 
within bumper foam. As the environmental temperature increased, the bumper foam around the tube 
softened while the air tube stiffened due to its higher pressure. Similarly, when the environmental 
temperature decreased, the bumper foam stiffened while the air tube softened. In this way, the 
temperature-dependent change in bumper foam stiffness was compensated by the opposite change in the 
stiffness of the air tube, enabling the sensor output—the change of the air pressure in the tube—to remain 
relatively stable. 
Objective: This study intended to analyze the performance of the contact sensor for the temperature-
independent measurement of pedestrian impacts. 
Methods: A baseline bumper FE model was developed and validated using EuroNCAP lower legform 
impact tests performed on the production bumper. Based on this baseline model, an improved bumper 
model was developed to meet the requirements of EEVC WG17 lower legform impact tests. An FE lower 
limb model was then derived from the HUMOS2 full human body model. Using this lower limb model, 
the protective performance of the baseline and improved bumper models was evaluated further. Finally, 
the contact sensor was built into the improved bumper model (see Figure 4-2). Two different sensor tubes 
of 25 and 50 mm in diameter were compared in the simulations. At each temperature (i.e., -30, 20 and 85 
degrees Celsius) the improved bumper model, with its integrated sensor tube, was impacted by both the 
EEVC lower legform model and a 1 kg impactor model on the bumper central line. Consequently, a better 
diameter of the sensor tube was identified in terms of the temperature stability and mass sensitivity of the 
sensor output. 
 
Figure 4-2 Half-bumper foam model integrating the sensor tube 
Results: The legform responses obtained from the EuroNCAP tests performed on the production bumper 
and the corresponding simulations were comparable. The baseline bumper model was valid. Based on the 
valid baseline bumper model, the improved bumper model was developed to achieve enhanced protective 
performance for pedestrians’ lower limbs. It was determined that the improved bumper model can meet 
the acceptance requirements of EEVC WG17. The human lower limb model was used to compare further 
the protective performance of the baseline and improved bumper models, determining eventually that the 
improved bumper model protected the knee joint more efficiently. However, because of the stronger lower 
stiffener used in the improved bumper model, the risk for tibia and fibula fractures increased. 
Figure 4-3 compares the sensor outputs from the impacts with two objects of different mass at -30, 20, and 
85 degrees Celsius. Table 4-4 summarizes the peak values of the sensor outputs. With the 50 mm sensor 
tube implemented, the minimum difference between the peak values of the sensor outputs during the 
impacts with the two objects was 14.9 kPa. During the collisions with the 1 kg impactor, the maximum 
difference between the peak values was 0.8 kPa. During the impacts with the EEVC legform, the 
maximum difference was 6 kPa. When the 25 mm sensor tube was implemented, the minimum difference 
between the peak values of the sensor outputs during the impacts with the two objects was 17.2 kPa. In the 
collisions with the 1 kg impactor, the maximum difference in the peak values was 2 kPa, while during the 
impacts with the EEVC legform, this difference was 1.8 kPa. 
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                          (a) 50 mm sensor tube                                                (b) 25 mm sensor tube 
Figure 4-3 Comparison of sensor outputs 
Table 4-4 Maximum air pressure change in the 50 mm sensor tube 
Maximum Air Pressure Change (kPa) Impactor Sensor Tube -30°C 20°C 85°C 
50 mm 3.7 4.5 4.1 1-kg Impactor 
25 mm 6.3 8.3 6.7 
50mm 19.4 23.4 25.4 EEVC Legform 
25 mm 27.3 26.5 25.5 
Discussion: The baseline bumper model failed to meet the acceptance requirements of the EEVC WG17 
lower legform tests. By improving the bumper design, however, the protective performance of the bumper 
model was enhanced to the level that the virtual testing results met the EEVC requirements. The protective 
performance of the baseline and improved bumper models was further evaluated and confirmed using the 
human lower limb model. The improved bumper model was found to protect the human knee joint more 
efficiently, while the risk for tibia and fibula fractures increased. Considering the comprehensive effect of 
the improved bumper design, a more effective lower limb protection can be achieved. 
Enhanced sensor output stability and mass sensitivity can be achieved by optimizing the diameter of the 
sensor tube. When using a 25 mm rather than 50 mm sensor tube, the sensor output was more stable at 
varying temperatures in the EEVC WG17 legform impacts and more sensitive to the different masses of 
the impact objects. Therefore, the 25 mm sensor tube was a better choice for the design of the bumper 
contact sensor. 
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4.3 Paper III 
A Reversible Bumper System for Protecting Pedestrian Lower Limbs from Car Collisions 
Objective: In order to improve the protective performance of an RBS, this study investigated the 
efficiency of the RBS of different design configurations in various impact conditions. 
Methods: In this study, the protective performance of the RBS was investigated using FE modeling of 
legform impactor collisions and human lower limb impacts. A car front FE model was developed and 
validated based on the EuroNCAP lower legform impact tests performed on the production car front. An 
RBS model (see Figure 4-4) was subsequently developed based on the original bumper in the car front 
model. In order to investigate the protective performance of the RBS, the pedestrian lower limb FE model 
and the EEVC WG17 lower legform FE model were used to collide with the RBS model of different 
design configurations under various impact conditions (see Table 4-5). Finally, the effects of the design 
configurations on the protective performance of the RBS were calculated using the statistical method of 
the factorial experiment design. 
 
Figure 4-4 RBS FE model 
Table 4-5 Design configurations and impact conditions for the RBS 
Bumper Stiffness 
Bumper Foam  Lower Stiffener  
Bumper Deploying Speed 
(m/s) 
Max. Deployment Distance 
(mm) 
Deployed Distance 
(mm) 
80 g/l EPP 3 mm steel 0 0 0 
30 g/l EPP 1 mm steel 2.5 100 50 
- - 5 150 75 
- - - - 100 
- - - - 150 
The deployed distance is the extended distance of the bumper at the initiation of impact. If the deployed distance is equal 
to the maximum deployment distance, the RBS model is static and rigidly fixed. The bumper deploying speed is 0 m/s. If 
the deployed distance is equal to half of the maximum deployment distance, the RBS model extends at a constant 
deploying speed. 
Results: The legform responses obtained from the EuroNCAP tests performed on the car front and the 
corresponding simulations were comparable. The car front model was valid. 
The responses of the legform model and the human lower limb model during the impacts with the RBS 
model were compared. When the same bumper design configuration and impact condition were presented, 
the peak tibia accelerations of the standard EEVC legform model and the human lower limb model were 
comparable. However, the peak knee-bending angle of the lower limb model was more than twice that of 
the legform model. When the bumper stiffness was at the higher level, the peak knee-shearing 
displacement of the lower limb model was more than twice that of the legform model. Furthermore, when 
the bumper stiffness was at the lower level, the lower limb model had a peak knee-shearing displacement 
that was five to seven times higher than the legform model. 
The main effects of bumper stiffness on the responses of the legform model and human lower limb model 
were significant. When the bumper stiffness was at the lower level, the average peak tibia acceleration was 
reduced by 106.4 g for the legform model and 72.3 g for the lower limb model. The mean value of the 
peak knee-shearing displacements was reduced by 2.8 mm for the legform model but increased by 3.0 mm 
for the lower limb model. Furthermore, the average peak knee-bending angle was reduced by 7 degrees for 
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the legform model and 19.3 degrees for the lower limb model. The average number of the injuries 
predicted by the lower limb model was reduced by 1.3. 
When the bumper deploying speed changed from 0 to 2.5 m/s, the main effects relative to the responses of 
the lower limb model were significant. Colliding with the RBS model that was deploying at a speed of 2.5 
m/s increased the average peak tibia acceleration of the lower limb model by 51.8 g, the mean value of the 
peak knee-shearing displacement by 2.8 mm, the average peak knee-bending angle by 16.4 degrees, and 
the average number of lower limb injuries by 1.4. Concerning the responses of the legform model, the 
only significant main effect was that of the knee-bending angle. Colliding with the bumper model that was 
deploying at a speed of 2.5 m/s increased the average peak knee-bending angle of the legform model by 
6.4 degrees. When the bumper deploying speed increased from 2.5 m/s to 5 m/s, the main effects were not 
significant. The protective performance of the RBS did not result in any obvious changes. 
When the maximum deployment distance of the RBS model was less than 150 mm, the main effects of 
this parameter were not significant. In this case, the protective performance of the fully deployed bumper 
was the same as the retracted bumper.  
Discussion: The bio-fidelity of the EEVC WG17 lower legform impactor was poor for the knee 
kinematics. It is doubtful that the legform impactor can be used to predict pedestrians’ knee injuries 
accurately. 
The performance of the RBS for protecting pedestrians’ lower limbs can obviously be improved by 
reducing the bumper stiffness. However, its performance was impaired when deploying at a speed of 2.5 
m/s or greater. Less than 150 mm, the maximum deployment distance of the specific RBS had no 
influence on the bumper protective performance. Thus, the deployment of the specific RBS cannot 
contribute directly to the protection of pedestrians’ lower limbs. 
The calculated injury parameters from the human lower limb FE model can be used for the evaluation of 
the protective performance of a newly designed bumper system. 
 24
4.4 Paper IV 
Optimization of a Reversible Hood for Protecting a Pedestrian’s Head during Car Collisions 
Objective: The current study evaluated and optimized the performance of the RH for the prevention of 
head injuries among adult pedestrians due to hood collisions. 
Methods: A car front FE model was developed and validated based on the EuroNCAP adult headform 
impact tests conducted on the car hood. The baseline RH was subsequently developed from the original 
hood in the validated car front model (see Figure 4-5). In order to evaluate the protective performance of 
the baseline RH, the FE models of a 50th percentile human head and the EEVC WG17 adult headform 
were used in parallel to impact the baseline RH in the lifting states defined in Table 4-6. This was 
accomplished by repeating the impact configurations of the EuroNCAP adult headform tests (see Figure 4-
5). In order to minimize the HIC values of the headform model, the response surface method was applied 
to optimize the RH in terms of material stiffness, lifting speed, and lifted height. Finally, the headform and 
human head models were used again to evaluate the protective performance of the optimized RH. 
 
Figure 4-5 Baseline RH and evaluation 
Table 4-6 Lifting states of the RH 
State Definition 
A The hood was static in the fully retracted position. 
B The rear end of the hood had lifted 53 mm and was continuing to rise. 
C The hood was static in the fully lifted position. 
Results: The headform HIC values obtained from the EuroNCAP adult headform tests and the 
corresponding simulations were comparable except at a few impact points. The car front model was valid. 
The impact responses of the headform and human head models in collisions with the baseline RH 
achieved the lowest levels in state C. Comparison of the impact responses between states B and C 
indicated that the lifting speed of the baseline RH can increase the impact responses of the headform and 
human head models. The pedestrian’s head can be protected better in state C than in state B. Comparison 
of the impact responses between states C and A disclosed that the lifted rear of the baseline RH can reduce 
impact responses except for the angular acceleration of the human head model. The pedestrian’s head can 
be protected better in state C than in state A. Using the HIC values of the headform and human head 
models, pedestrian fatality risks were compared between states A and C. Pedestrian fatality risks were 
demonstrably reduced in state C compared to state A. 
In order to minimize the mean HIC values of the headform model in states A, B, and C, the optimized 
material stiffness was ultimately determined to be 71 GPa. The optimized lifting speed was 2.2 rad/s while 
the optimized lifted height was 214 mm. The impact responses of the headform and human head models in 
collisions with the optimized RH were also obtained. Impacts with the optimized RH in state C resulted in 
lower HIC values of the headform and human head models than the EEVC limit of 1,000.  
The impact responses were compared between the baseline and the optimized RH. Since the optimized 
material stiffness of the RH was the same as the stiffness used in the baseline RH, no difference existed 
between the baseline and the optimized RH in state A. Consequently, the same impact responses were 
obtained from the collisions with the baseline and the optimized RH in state A. In states B and C, the 
angular acceleration of the human head model can be reduced by implementing of the optimized RH. The 
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remaining impact responses of the headform and human head models were also reduced. However, the 
reduction of these responses was not statistically significant. 
The HIC values of the headform model as well as the HIC values and intracranial pressures of the human 
head model were compared during the evaluation of the optimized RH. Except at certain impact points, 
the HIC values of the headform model coincided well with the HIC values of the human head model. The 
change in the intracranial pressure of the human head model can predict the change of the HIC values of 
the headform and human head models. 
Discussion: When compared with the retracted baseline RH (in state A) and the lifting baseline RH (in 
state B), the lifted baseline RH (in state C) can reduce the impact responses of the headform and human 
head models. Compared to the retracted baseline RH (in state A), the lifted baseline RH (in state C) can 
reduce the risk of pedestrian fatality from head impacts. 
In states B and C, further reduction of the impact responses of the headform and human head models can 
be realized through implementation of the optimized rather than the baseline RH. When the optimized RH 
was lifted (in state C), the HIC values of the headform and human head models were reduced further, 
falling much lower than 1,000. Thus, the risk of pedestrian head injuries can be minimized as required by 
EEVC WG17. 
Under the same impact conditions, the HIC value of the human head model coincided with that of the 
headform model. The change in the intracranial pressure of the human head model can predict the change 
in the HIC values of the headform and human head models. 
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5. GENERAL DISCUSSION 
Although pedestrian safety has improved in highly motorized countries, pedestrian casualties remain 
prominent in traffic accidents. As discussed herein, passenger cars are overrepresented in pedestrian traffic 
accidents. Moreover, the car front is the major contact source in pedestrian crashes. Several systems were 
developed to protect pedestrians from collisions with the car front. In order to trigger these pedestrian 
protective systems, different sensor systems were presented to detect pedestrian impacts. It is important to 
evaluate and improve the performance of the pedestrian sensor and protective systems. 
This study contributed to the evaluation and optimization of the performance of an integrated pedestrian 
safety system. Papers I and II evaluated the performance of a remote sensor system and a contact sensor 
for the detection of pedestrian impacts, while Papers III and IV evaluated and optimized the performance 
of an RBS and an RH to protect pedestrians during car collisions. 
5.1 Collection of Accident Data 
The accident data investigated in Paper I were extracted from the STRADA database. This source has 
been developed by SRA since 1996 to store the road accident data collected from the police and hospitals. 
Since January 1, 2003, all police stations and approximately 50% of the emergency hospitals in Sweden 
have reported traffic accident data to STRADA. 
For each event in the STRADA database, the police are responsible for providing information from the 
scene of the accident, including a description of the accident environment and classification of the 
accident scenario. However, only simple information about the human injuries sustained in the accident is 
available in the police report. Instead, emergency hospitals provide detailed records of the human injuries 
and their scales. All accidents reported by the police and hospitals are coded respectively. By using a 
unique identity number, a police case can be linked with its corresponding record from hospitals. However, 
for most of the pedestrian accidents in the database, this linkage is ineffective and results in incomplete 
information on many accidents. Consequently, comprehensive research that requires information from 
both the police and hospitals becomes difficult. 
Generally, information about pedestrian movement is recorded in accident databases in terms of different 
gaits, such as walking, trotting, or running. Based on this information, pedestrian speed in traffic accidents 
can be estimated accurately. In the STRADA database, however, the information on pedestrian movement 
is not recorded at all. In fact, not only is pedestrian speed missing, but also their gaits. As a result, 
estimating pedestrian speed becomes difficult, and several hypotheses must be used, as described in Paper 
I. Moreover, the STRADA database does not record information about vehicle velocity. With no other 
option available, the vehicle velocities used in Paper I were estimated based on the speed limits in effect at 
accident locations. 
Not only is the STRADA database missing pedestrian speed and vehicle velocity, but some other critical 
information as well. For example, in many car-pedestrian accidents, the cars braked before collision. Since 
this factor is not recorded in the database, it was not considered in the mathematical model developed in 
Paper I. Consequently, the performance of the remote sensor system may be overestimated. If a pedestrian 
is obstructed, the effectiveness of the sensor system can still be calculated using a minimally alerted 
mathematical model. However, the pedestrian visibility is not recorded in STRADA either, so it is not 
considered in Paper I. As a result, the performance of the sensor system may once again be overrated. 
5.2 Classification of Accident Scenarios 
Following the original pedestrian accident typology developed in NHTSA (Snyder and Knoblauch, 1971; 
Knoblauch and Knoblauch, 1976), many accident taxonomies were developed to understand pedestrian 
accidents better. Schofer et al. (1995) presented a simple four-category taxonomy of child pedestrian-
motor vehicle accidents based on the process that led to the collision. This structure has been recognized 
as being useful for identifying and organizing interventions. In order to describe the relationship between 
the various factors involved in fatal pedestrian accidents, Fontaine and Gourlet (1997) proposed a 
typology of fatal pedestrian accidents based on cases in France from March 1990 to February 1991 and 
identified four overrepresented pedestrian groups. Meanwhile, in order to analyze the influence of 
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supervision in child pedestrian accidents, Wills et al. (1997) presented a classification of child pedestrian 
accidents according to 10 patterns of supervision. In addition to such typologies, various accident 
scenarios have been defined in accident databases, such as the German In-Depth Accident Study (GIDAS). 
In the STRADA database, the pedestrian trajectory, the car trajectory, and the location of the accident are 
the basic traffic elements used to define the car-pedestrian accident scenarios. Among these three traffic 
elements, the accident location (i.e., roadway or intersection) is the primary factor, the pedestrian 
trajectory is the secondary factor, and the car trajectory is comparatively less important. This classification 
has certain drawbacks. Primarily, some accidents in which the cars involved have notably different 
moving trajectories are classified under the same accident scenario. This problem precludes any 
discrimination of the car trajectories in the accident scenarios defined by the pedestrian trajectory (as in F3 
and F4 in Table 4-1). 
For evaluation of the remote pedestrian sensor system, an accident classification based on the pedestrian 
trajectory, the car trajectory, and the pedestrian visibility would be more useful. In this classification, the 
detailed pedestrian and car trajectories should be used equally as the major traffic elements for 
categorizing car-pedestrian accidents. The pedestrian visibility can be used as a secondary factor in this 
classification. Based on this accident classification, the performance of the remote sensor system can be 
assessed better. 
5.3 Evaluation of Remote Sensor Performance 
Considering the high cost and time consumption of field testing, statistical simulation methods were 
developed to assess remote pedestrian sensor systems. Wakim et al. (2004) presented a Monte-Carlo 
simulation tool to evaluate the performance of remote pedestrian sensor systems. Their study collected and 
classified vehicle-pedestrian crashes into 11 typical scenarios. The statistical behaviors of the key factors 
involved (i.e., vehicles, pedestrians, the environment, and the remote pedestrian sensor systems) were 
modeled respectively. The Monte-Carlo simulations were then conducted to calculate the probability of 
vehicle-pedestrian impacts being detected by the sensor systems. 
In Paper I, a statistical simulation method was also developed to evaluate the remote pedestrian sensor 
system. However, the major difference between these two studies is the role played by the analysis of 
accident scenarios. In the study presented by Wakim et al. (2004), the analysis of accident scenarios is 
only a method to obtain the statistical behaviors of the important accident factors. In Paper I, the analysis 
of the accident scenarios not only serves as the basis for the development of knowledge about accidents, 
but also as the foundation for the statistical simulation. Based on the carefully selected accident scenarios, 
the complexity of the statistical models of the key accident factors can obviously be reduced and the 
reliability and feasibility of the statistical simulation can be improved. The statistical methods used in both 
studies do nothing to evaluate the robustness and accuracy of remote sensor systems. In the study of 
Wakim et al. (2004), the false alarm and correct detection rates were appointed directly and included in 
the simulation model as random variables. Paper I, on the other hand, assumed that no pedestrian in the 
detecting range of the sensor system would be missed or misinterpreted.  
Cathey et al. (2007) described a method to evaluate comprehensively the performance of a pedestrian 
remote sensor system by using driving simulation technology. In their study, the driving simulation 
technology was used to create a virtual traffic environment. In this virtual environment, the characteristics 
and behaviors of pedestrians were presented. The output of the remote sensors in this traffic environment 
was then mimicked and post-processed to facilitate identification of pedestrians at risk. Using this method, 
the robustness and accuracy of the pedestrian remote sensor system could be evaluated comprehensively. 
In order to evaluate the performance of pedestrian remote sensor systems by this method, two studies 
should be extended further. The first should include an in-depth analysis of the pedestrian traffic 
environment and traffic behavior, which would allow for the traffic environment to be modeled reliably. 
The second study should include a field test of different pedestrian remote sensors in order to mimic 
sensor output accurately. 
5.4 Pedestrian Contact Sensor 
Mlekusch et al. (2004) presented a pressure sensor concept for the detection of pedestrian impacts. 
According to their concept, a small tube was fixed on the inner surface of the bumper cover. Both ends of 
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the tube were sealed by a pressure sensor, and the medium contained inside the tube was air. When the 
bumper was impacted by an object, the sensor tube was compressed and the impact signal was detected by 
the pressure sensors. 
Paper II evaluated a similar sensor concept for the detection of pedestrian impacts. The only difference is 
that in Paper II, the sensor tube was built into the bumper foam. The benefit of implementing this kind of 
contact sensor is that the temperature-dependent change in bumper foam stiffness is compensated by the 
opposite change in the stiffness of the sensor tube, thus enabling the output signal of the new sensor to 
remain relatively stable. The major shortcoming of this contact sensor is its comparatively long reaction 
time to pedestrian impacts. Because the air is used as the medium in the sensor tube, the pressure signal 
can only travel in the sensor tube at a speed of 343 m/s. As a result, detection of pedestrian impacts will be 
delayed depending on the distance between the impact point and the pressure sensor. One solution to this 
problem could be achieved by distributing several pressure sensors evenly along the sensor tube, thereby 
reducing the distance between the possible impact point and the closest pressure sensor, thus decreasing 
signal delay. 
5.5 Statistics for Experiment Design 
Paper III investigated the efficiency of the RBS of different design configurations at various impact 
conditions for the protection of pedestrians’ lower limbs. The statistical method of factorial experiment 
design (Box et al., 2005) was used to design the parameter study and investigate the effects of the design 
parameters. According to this method, the main effect of a parameter was calculated as the change in the 
average simulation result as the parameter varied from low to high levels. Subsequently, the hypothesis 
testing method was used to evaluate the statistical significance of the main effect. Using this method, the 
influences on the effectiveness of the RBS by the design parameters and impact conditions were 
calculated and the most important parameters were identified. 
This method includes certain limitations. The first problem is that the variations of the design parameters 
are always limited. Otherwise, a large number of simulations must be conducted. The second problem is 
that the significance of a parameter depends on the range of its variation. Therefore, it is difficult to 
evaluate the relative importance of the different design parameters, especially for the parameters of 
different physical meanings. The third problem evident in this method is that the statistical relationship 
between the simulation responses and the design parameters cannot be established and the optimized 
values of the design parameters cannot be determined. 
Paper IV used the response surface method (Box et al., 2005) to optimize the protective performance of 
the RH. In the variation ranges of selected design parameters, a parameter study was conducted to 
investigate the simulation results for different combinations of the design parameters. A response surface 
was then presented to correlate the results and the design parameters, and the unknown coefficients in the 
response surface were solved by the least squares method. In order to evaluate the accuracy of the 
response surface, simulations were conducted for several extra combinations of the design parameters. 
The simulation results were compared with the results predicted by the response surface to evaluate the 
accuracy of the response surface. Based on the developed response surface, the optimized values of the 
design parameters can be solved in the variation ranges of the parameters. 
The advantages of the implementation of the response surface method are obvious. In the selected 
variation ranges of the design parameters, the relationship between the simulation results and the design 
parameters can be established based on the limited number of simulations; the optimized values of the 
design parameters in the variation ranges can be solved based on the response surface. However, a certain 
limitation remains in the response surface method in that it only establishes the relationship between the 
simulation results and the design parameters in the limited variation ranges of the design parameters. If the 
values of the design parameters are selected outside those ranges, the developed response surface model 
will no longer be valid, and a new response surface must be developed.  
5.6 Implementation of Human Body Models 
In Papers II and III, the human lower limb model was used in parallel with the EEVC lower legform 
model to evaluate the protective performance of the bumper models. In Paper II, the baseline production 
bumper model and the improved bumper model were evaluated initially using the legform model. The 
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results indicated that the improved bumper can meet EEVC acceptance requirements. After this analysis, 
the baseline and improved bumper models were further evaluated using the lower limb model. As the 
simulations proved, the improved bumper protects the pedestrian’s knee joint much more efficiently. 
However, the improved design also induced an increased risk of damage to the pedestrian’s tibia. Paper III 
identified that under the same impact conditions, the peak tibia accelerations of the standard EEVC 
legform model and the human lower limb model were comparable. However, the peak knee-bending angle 
of the lower limb model was more than twice that of the legform model. The peak knee-shearing 
displacement of the lower limb model was two to eight times that of the legform model. The bio-fidelity 
of the EEVC lower legform impactor is poor for knee kinematics. 
Paper IV used the adult human head model in parallel with the EEVC adult headform model to evaluate 
the safety performance of the RH. It identified that under the same impact conditions, the HIC value of the 
human head model coincided with that of the headform model. The change in the intracranial pressure of 
the human head model can predict the change in the HIC values of the human head model and the 
headform model.  
The EEVC pedestrian subsystem impactors are EuroNCAP-required test instruments in evaluating the 
performance of pedestrian protection afforded by the car front. Thus, the FE models of the adult headform 
and lower legform impactors were used as the primary tools to evaluate and optimize the protective 
performance of the bumpers and the hood. Furthermore, the FE models of the human head and lower limb 
were also used to evaluate the bumpers and hood. Compared with the impactor models, the human body 
models represent the actual human body structures with higher bio-fidelity. The impact responses of the 
human body models indicate not only the severity of the injuries but also the detailed locations and 
mechanisms of the injuries. Therefore, human body models represent the development of future injury 
assessment tools. 
5.7 Protective Performance of the RBS and RH 
In order to alleviate the pedestrian injuries caused by collisions with the car bumper, a new bumper system 
was presented that would absorb the impact energy more efficiently. The basic design of the energy 
absorption bumper was based on an energy absorber made of foam or plastics, and was located between 
the stiff bumper beam and the bumper cover to absorb impact energy (Shuler and Staines, 1998; Kalliske 
and Friesen, 2001; Chon et al., 2007; Doerr et al., 2007; Jaarda and Nagwanshi, 2007; Pinecki and 
Zeitouni, 2007; Glance and Tokarz, 2008; Davies et al., 2009). The lower stiffener was also strengthened 
and moved forward to dissipate some of the impact energy (Shuler and Staines, 1998; Chon et al., 2007; 
Doerr et al., 2007; Pinecki and Zeitouni, 2007). 
Paper III developed an RBS model from the original car bumper model. In this model, the connection 
between the bumper beam and the car frontal longitudinal beams was defined as the combination of 
translational joints and motors. The translational joints constrained the relative motion between the RBS 
and the car body in the longitudinal direction of the car body. The translational motors actuated the RBS 
extending to the desired place and at the desired speed. In order to improve the efficiency of the RBS to 
absorb impact energy, the thickness of the bumper foam was increased. To reduce the knee-bending angle, 
the lower stiffener was moved forward and connected with the bumper beam using five steel plates. The 
material used in the improved lower stiffener was also changed to steel. The EEVC lower legform model 
and the human lower extremity model were then used to study the influence of the stiffness, deploying 
speed, and deployed distance on the protective performance of the RBS. It was determined ultimately that 
the performance of the RBS can be improved by reducing bumper stiffness; however, the bumper 
performance is impaired during the deploying process. The deployment distance has no direct influence on 
the protective performance of the RBS. 
In order to protect the pedestrian’s head from collisions with the car hood, the active hood was 
implemented to soften the collision (Fredriksson et al., 2001; Kalliske and Friesen, 2001; Krenn et al., 
2003; Lee et al., 2007; Pinecki and Zeitouni, 2007; Oh et al., 2008; Shin et al., 2008; Inomata et al., 2009). 
This system consists of a hood that lifts at the rear when a pedestrian is struck by the car. In this case, the 
distance between the hood and the stiff inner parts of the car (e.g. the engine) becomes wider, creating a 
larger degree of hood deformation when the hood is struck by the pedestrian’s head and chest. As a result, 
more impact energy can be absorbed and pedestrian injuries can be alleviated. 
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Based on the active hood, the RH was further presented in Paper IV. When the risk of a pedestrian 
collision is detected by a remote pedestrian sensor system, the rear end of the RH is lifted to protect the 
pedestrian’s head, similar as the active hood. If the collision is avoided, the lifted rear end of the RH can 
be retracted to protect against future accidents. Paper IV used the response surface method to optimize the 
protective performance of the RH. The EEVC headform and the human head models were used to 
evaluate the protective performance of RH. The study determined that compared to the retracted baseline 
RH, the lifted baseline RH can reduce the impact responses of the headform and human head models. 
However, the lifting baseline RH can increase the impact responses of the headform and human head 
models. Given the reduced lifting speed and increased lifted height, the optimized RH can meet the 
acceptance requirement of EEVC WG17 of HIC values lower than 1,000.  
According to the literature review, the same protective performance for pedestrians’ lower limbs and 
heads can be achieved using the energy absorption bumper and the active hood. However, other benefits 
can be obtained through implementation of the RBS and RH as well. For example, the RBS can also be 
deployed in frontal car crashes to absorb part of the impact energy, which would otherwise be transferred 
to car occupants. Furthermore, the RBS and RH can be reused to deploy in lower risk situations and before 
pedestrian collisions. 
5.8 Recommendation of Future Studies 
Using statistical simulation method, Paper I evaluated the effectiveness of the remote sensor system for 
detecting pedestrians at risk in specific vehicle traffic environment. As discussed in section 5.1, the 
accident data missed in the STRADA database can lead to the error of sensor evaluation. In order to 
evaluate the remote pedestrian sensor system more accurately, the accident factors listed in Table 5-1 
should be investigated. As indicated by this table, most factors have been recorded completely or partially 
recorded in the STRADA database; however, many important factors are still missing. This missing 
information should be investigated in future studies. As discussed in section 5.3, the statistical simulation 
method used in Paper I do nothing to evaluate the robustness and accuracy of the remote sensor system. 
For this reason, a field test should be conducted in the future to investigate the sensor effectiveness in real 
traffic environment. Otherwise, a simulation study presented by Cathey et al. (2007) can be used to 
evaluate the sensor effectiveness. 
Table 5-1 Accident factors important for the evaluation of the remote sensor system 
Factor STRADA Record 
Age Yes 
Size (weight/stature) No 
Clothes No 
Trajectory Yes 
Gait No 
Visibility No 
Thrown distance No 
Injury type Partly 
Pedestrian 
Injury severity Partly 
Type Yes 
Trajectory Yes 
Velocity No 
Braking No 
Vehicle 
Damage No 
Weather Yes 
Light condition Yes 
Road surface Yes 
Road slope No 
Road curvature No 
Road speed limit Yes 
Skid mark No 
Accident scene (urban/country) Yes 
Environment 
Accident location (roadway/intersection) Yes 
In Paper III, the human lower limb model was used in parallel with the EEVC lower legform model to 
investigate the efficiency of the RBS of different design configurations in various impact conditions. In 
Paper IV, the human head model and the EEVC adult headform model were used to evaluate and optimize 
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the RH for the prevention of the head injuries of an adult pedestrian from hood collisions at certain impact 
points. However, the collisions between the overall pedestrian body and the adaptive car front were not 
studied. The probable risk of severe pedestrian injuries, such as the severe head injuries from the collisions 
between the pedestrian head and the rear edge of the RH, were therefore not investigated. In the future 
study, the collisions between the overall pedestrian body and the RH should be analyzed to confirm the 
safety benefit of the adaptive car front. 
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6. CONCLUSIONS 
This study contributed to the evaluation and optimization of the performance of an integrated pedestrian 
safety system. A remote sensor system and a contact sensor were evaluated for the detection of pedestrian 
impacts. An RBS and an RH were then evaluated and optimized relative to the protection of pedestrians 
during car collisions. The major conclusions in this study are summarized as follows: 
• The two most common scenarios for pedestrian accidents in Sweden are cars entering and leaving 
intersections and colliding with pedestrians crossing the road, accounting for 46.8% of the 2,199 
selected cases. 
• The remote sensor system can detect almost all visible pedestrians in these two most common 
scenarios in a timely manner as long as the detection angle is greater than 60 degrees. 
• The baseline bumper model failed to meet the acceptance requirements of the EEVC WG17 lower 
legform tests. By improving the bumper design, the protective performance of the bumper model 
was enhanced, and the results of virtual testing met EEVC requirements. After further evaluation 
using the human lower limb model, the improved bumper model was found to protect pedestrians’ 
lower limbs better than the baseline bumper model. 
• Built into the improved bumper model, the contact sensor can identify pedestrian impacts to the 
car bumper. Moreover, the enhanced sensor output stability and mass sensitivity can be achieved 
by using a 25 mm rather than a 50 mm sensor tube. 
• The performance of the RBS for the protection of pedestrians’ lower limbs can be improved by 
reducing bumper stiffness. The protective performance of the RBS is impaired during the 
deployment process by a speed of 2.5 m/s or greater. Less than 150 mm, the maximum 
deployment distance of the specific RBS has no influence on the bumper performance. 
• Compared with the retracted and lifting baseline RH, the lifted baseline hood can definitely 
minimize the injury parameters from the headform and human head models. This indicates a 
potential for the reduction in the risk of pedestrian fatality from head impacts.  
• The further reduction of the impact responses of the headform and human head models can be 
obtained by using the optimized rather than the baseline RH. When the optimized RH is lifted, the 
HIC values of the headform and human head models are reduced to levels much lower than 1,000. 
Therefore, the risk of pedestrian head injuries can be prevented as required by EEVC WG17. 
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